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Resonant Damping of Helicon Waves in Potassium
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A comprehensive experimental study of resonant or collisionless damping of helicon waves has been
performed in high-purity potassium. Four different resonant damping e8ects were studied: cyclotron
damping, Landau damping, giant quantum oscillations in the Landau damping, and damping due to
helicon —acoustic-wave interaction. All eGects were studied under stronger nonlocal conditions than in pre-
vious work by employing specimens having electron mean free paths of 0.3 mm and utilizing experimental
frequencies up to 170 MHz. An abrupt cyclotron damping edge and giant quantum oscillations were ob-
served for the 6rst time. The observations are in close agreement with predictions based on the free-elec-
tron model.

I. INTRODUCTION

HIS paper reports an experimental study of reso-
nant or collisionless damping of helicon waves'~

propagating in potassium. Four different resonant
damping efrects have been studied: cyclotron damping,
Landau damping, giant quantum oscillations in the
Landau damping, and damping due to interaction of
helicon waves with transverse sound waves. This work
thus presents a complete study of all the resonant
damping mechanisms known to exist in a metal having
a spherical Fermi surface.

Resonant damping effects occur only under nonlocal
conditions; that is, when the electron mean free path

is larger than the helicon wavelength. Nonlocal
conditions prevail when kl&&1, where k is the helicon
wave vector. Values of the dimensionless nonlocal
parameter kl as large as 270 have been achieved by
employing higher purity potassium and higher fre-
quencies than in previous work. Under such highly
nonlocal conditions, giant quantum oscillations in the
Landau damping and an abrupt cyclotron damping
edge have been observed for the first time. The dimen-
sionless parameter kR (R is the Larmor radius) denotes
the short-wavelength (kR) 1) or long-wavelength
(kR(1) regions, and plays an important role in de-
lineating the regimes where different damping mechan-
isms are operative. Improved experimental conditions
have permitted extension of studies of Landau damping
and helicon-phonon interaction to shorter wavelengths
(kR 1), where resonant effects are most pronounced.

Ordinarily, electromagnetic waves are rapidly damped
in metals over distances of the order of the skin depth.
However, in the presence of a strong dc magnetic Geld
various modes of wave propagation become possible. "

~ Permanent address: Ecole Normale Supdrieure, Paris, France.' O. V. Konstantinov and V. E. Perel, Zh. Eksperim. i Teor.
Fiz. 38, 161 (1960) t English transl. :Soviet Phys. —JETP ll, 117
(1960)j.' P. Aigrain, in Proceedings of the International Conference on
Semiconductor Physics, Prague, 1960 (Academic Press Inc., New
York, 1961),p. 224.' R. Bowers, C. Legendy, and F. Rose, Phys. Rev. Letters 7,
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At low frequencies, i.e., at ar&M„where &o.= eH/tee is
the cyclotron frequency of the carriers, a helicon wave
can propagate along the dc magnetic field in an un-
compensated electron gas. The transverse part of the
conductivity tensor determines the propagation char-
acter, and for very long wavelengths (kR«1) collision
damping is the main process for wave attenuation.
The damping decrement due to collisions is propor-
tional to (&u.r), where r is the carrier relaxation time.
For short wavelengths (kR 1) resonant damping
mechanisms appear. The following paragraphs brieQy
describe the four mechanisms studied.

Cyclotron damping occurs when moving electrons
experience a transverse electric field which rotates at
the same rate as do the electrons in their helical motion
about the field IJ. This phenomenon is also called
Doppler-shifted cyclotron resonance. '~ '0 Cyclotron
damping is so severe that the wave does not propagate
for magnetic fields smaller than a limiting Geld defined

by the condition kE.=1. Hence, kR=i defines the
position of a cyclotron damping edge. A study of the
position of the edge in frequency and field provides a
direct measurement of the Fermi momentum along
the field. The position and shape of the cyclotron
damping edge are sensitive to such effects as "Over-
hauser" spin-density waves" and electron-electron
correlations. "

Landau damping occurs when the helicon wave
exerts a longitudinal force on the electrons streaming
along the magnetic field in phase with the wave. In
potassium this is possible only if k is not parallel to
H. ~ '~ (For k parallel to H the helicon wave in a free-

45, 610 (1963) t English transl. : Soviet Phys. —JETP 18, 419
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electron gas has a purely transverse polarization and
cannot impart longitudinal energy to the electrons. )
Landau damping arises from the force exerted on the
electrons through the interaction of their orbital mag-
netic moments with the gradient of the longitudinal
magnetic 6eld. This force is proportional to kR so the
Landau damping becomes unimportant in the long-
wavelength limit where kR«1.

In the quantum regime, Puu, &kBT, quantization of
the electron orbits affects cyclotron and Landau damp-
ing. When Landau level quantization occurs, the reso-
nant damping mechanisms are inoperative at certain
values of the applied magnetic 6eld because the 6nal
states for electron transitions are already occupied.
Thus oscillations of Landau and cyclotron damping
as a function of the magnetic field should be observed
and are referred to as giant quantum oscillations. '~"
The periods of the oscillations are related to the de
Haas —van Alphen period, and the amplitudes of the
oscillations are much larger than the Schubnikov —de
Haas oscillations in magnetoresistance.

The last resonant interaction which leads to colli-
sionless damping of the helicon wave is the helicon-
sound wave interaction'~22 (helicon-phonon interaction
in the quantum picture). The helicon wave phase
velocity can, in potassium, easily equal a transverse
sound velocity. When the phase velocities are equal
the two waves interact through inductive coupling and
the interaction feeds energy from the helicon wave to
the sound wave thereby damping the helicon wave.

The organization of the remainder of the paper is as
follows: Sec. II outlines the theory of helicon-wave
propagation and presents the theoretical expressions
needed to interpret our experimental results; it con-
tains nothing that is original. Section III contains a
brief description of our experimental technique. Sec-
tion IV reports an experimental study of cyclotron
damping. We find an abrupt damping edge. Its position
is in better agreement with the free-electron gas model
than with Overhauser's predicted spin-density —wave
gound state for potassium. Section V presents a study
of Landau damping. We find that up to very near
kR= 1 the damping follows Kaner and Skobov's theory'
although that theory is in principle valid only for

"V. G. Skobov and E. A. Kaner, Zh. Eksperim. i Teor. Fiz.
46, 1809 (1964) fEnglish transl. : Soviet Phys. —JETP 19, 1219
(1964)j.
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'7 A. J. Glick and E. Callen, Phys. Rev. 169, 530 (1968).
'g G. Akramov, Fiz. Tverd. Tela 5, 1310 (1963) fEnglish transl. :

Soviet Phys. —Solid State 5, 955 (1963)j.
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46, 273 (1964) fEnglish transl. : Soviet Phys. —JETP 19, 189
(1964)j.

~ D. N. Langenberg and J. Bok, Phys. Rev. Letters ll, 549
(1963).' J. J. Quinn and S. Rodriguez, Phys. Rev. Letters 11, 552
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kR(1. In Sec. VI we show the first experimental
evidence for the existence of giant quantum oscillations
in Landau damping. Section VII is devoted to a study
of the helicon-sound wave interaction. An attenuation
of the helicon wave appears at the 6eld where the
wave velocities are matched. The nonlocal effects pre-
dicted by Quinn and Rodriguez" and Skobov and
Kaner" are observed. Section VIII contains a brief

summary and the conclusions drawn from this work.

G. THEORY

In this section we outline the derivation of the
infinite medium helicon wave dispersion relation for a
medium having a spherical Fermi surface. This dis-
persion relation is compared with our experimental
results in Secs. IV—VII. Konstantinov and Perel' first
derived the helicon wave dispersion relation for a
metallic medium. Here we follow the more complete
derivation presented by Kaner and Skobov. 5

Consider an infinite medium consisting of n electrons
per unit volume neutralized by a uniform, rigid posi-
tively charged background. The propagation of plane
monochromatic waves is determined by Maxwell's
equations and the constitutive equation for the medium

k'E —k(k E)=(4aicu/ )cj

j,=rr p(k, ru, H)Zp.

(1)

(2)

Oaf
H cosy

cosp 3m
+—kE sin'y

CdcT

(4)

+co' cosg-

We neglect the displacement current, i.e., k j=o,
which is equivalent to the condition of no space charge
in the metal. We choose an xg coordinate system with
f'~~k and z perpendicular to H and k. The angle between
8 and k is denoted by q.

The longitudinal component of the electric 6eld Eg
taken from Eq. (2) and replaced in Eq. (1) gives

(h p 4afidk 'c '0 p—)Ep=0, a, p=x, g

for the plane transverse to k, where

'p~p +~p +~prplorr

The dispersion relation is obtained by equating to
zero the determinant of the coefEcients of E in Eq. (3).
The dependence of cr p on k, co, H is complicated; to
obtain the dispersion equation asymptotic expressions
for 0 p have to be used. In the two limiting cases
kR»1 and kR«1 the asymptotic expressions for r are
readily calculated. The regime kR«1 is the one where
lightly damped helicon waves can propagate. In this
regime Kaner and Skobov find for co«v&&~„where
v= 1/r is the collision frequency,
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and the helicon wave dispersion relation becomes

(1 3~
k'=re ~ie iu~'cosy 1—i~ +—kR sin'y

~

kldgr 16
(5)

discussion of the evolution of the real and imaginary
parts of k near the edge, see the accompanying paper
by Bara6.~

III. EXPERIMENTAL METHODS
where co„'=4s.fez/m. A second coordinate system is
denoted by xyz, where H~~z. Then the polarization is
such that E„=iE,/cosy, E,=Q. For propagation along
the magnetic Geld (y= 0)

k =ie M[td~e (1—$/(d~r)]

E„=iE„E,=O,
(6)

these are helicon waves which are circularly polarized
and damped only by electron collisions (damping
decrement ~ 1/co, r).

When the helicon wave propagates at an angle to
the magnetic Geld, the wave-phase velocity is reduced
by cos'"p, the wave becomes elliptically polarized, and
a collisionless damping mechanism, Landau damping,
appears. The Landau damping introduces the addi-
tional damping term (3z./16)kR sin'y in Eq. (5).

To obtain an expression for o which is valid as
kR —+ 1 we follow Miller and Haering. ~ %Chen q =0
the circularly polarized Fourier components of the
conductivity are

d8 sin'8
30'y =0'04 (7)

p 1—w (ie&c0~—kzr cos8)

where oo is the dc conductivity ne'r/m and vi is the
Fermi velocity. The integral in (7) can be expressed in
closed form. The dispersion relation is obtained by
substituting (7) into (3) and equating the coefficients
of E to zero. Using a, the dispersion relation becomes

M& CO 3 v+1
k'= —— (1—y') ln +2y

c' (o, 4kR 7—1

CO 40

f(kR), (8)
&c

where y= (a&, ie+i/r)/kyar—=l/kR. Note that when
kR&1 then y&1 and the argument of the logarithm
in (8) is essentially positive which yields a real positive
value of k2. Conversely, when kR&1 then p&1 and
the argument of the logarithm is basically negative.
This produces a complex value of k' which indicates
that the wave is severely damped. Hence, kR= 1 deines
the position of a damping edge. The abruptness of the
onset of damping at the edge is determined by the
electron mean free path. The mechanism responsible
for the cyclotron damping edge is well known to be
Doppler-shifted cyclotron resonance. Cyclotron damp-
ing also contributes to the dispersion of the wave. As
kR~ 1 from below, f(kR) ~ ~3, which indicates that
the wave-phase velocity is decreased as the cyclotron
damping edge is approached. For a more detailed

The experimental con6guration which we have ern-

ployed at frequencies up to 200 MHz to transmit
helicon waves through thin slab-shaped specimens
(0.2XSXS mm) is similar to that of Grimes and
Buchsbaum. "For this con6guration a receiver and a
transmitter coil are placed at opposite faces of the
specimen. The coils consist of a few turns (2 turns at
the highest frequency) of No. 40 copper wire wound
on a form which has a rectangular cross section. Each
coil is imbedded in epoxy in a square opening in one
face of a brass housing. The face of each housing is

lapped until it is flat and the turns of the coil are
recessed back from the face by only =0.02 mm. When
a specimen is mounted between the two coils and rf
current is passed through the transmitter coil, eddy
currents are induced at the surface of the specimen due
to the near field pattern of the coil. The launching
wave is thus a linearly polarized plane wave that
propagates perpendicular to the surface of the speci-
men. At the opposite face a part of the transmitted
energy is coupled to the receiver coil and fed to a con-
tinuously tuneable phase-sensitive detector, '4 which
derives its phase reference from the transmitter. The
output of the phase-sensitive detector is displayed on
an X-Y recorder as a function of the applied magnetic
held. The displayed signal is then an interference
pattern (Fig. 1) as the transmitted signal becomes
alternately in and out of phase with the reference
signal. The interference technique was used in the
majority of our work; however a second technique
which yields a vector representation (phase-amplitude
plot) of the transmitted signal was also developed and
is briefly described in the Appendix. The major difB-
culty in trying to apply the interference technique at
even higher frequencies is caused by the leakage signal
becoming too large. The leakage signal is due to
spurious coupling of the transmitter to the receiver.
To reduce stray capacitive coupling the sample shouM
be grounded to the brass coil housings which serve as
rf shields. "Our potassium specimens are covered with
sheets of Mylar to retard oxidation of the potassium
so we were unable to ground the specimens. (This
technique has been used at frequencies up to 4 Gc/sec
in a study of Alfven waves in bismuth specimens which
were grounded. )

ge G. A. BaraG, following paper, Phys. Rev. 178, 1155 (1969).
~ J. %. Hansen, C. C. Grimes, and A. I.ibchaber, Rev. Sci.

Instr. 38, 895 (1967)."In more recent work we have succeeded in grounding the
potassium specimen by covering only its center portion with
Mylar and covering its rim with a clean gold foil in good electrical
contact with the potassium. Using this technique, —120-dB
isolation between transmitter and receiver has been achieved
LA. Libchaber and C. C. Grimes (to be published) j.
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FIG. 1. Two examples of cyclotron damping edge observed by
transmission technique. At fields below the edge {H&31.7 koe)
there is no wave transmission due to severe cyclotron damping.
As the field increases there is an onset of wave propagation at the
edge and the interference pattern characteristic of the propagating
helicon wave appears for still higher fields.

In the Landau damping experiments the specimen
and coils are rotated to various orientations relative
to the applied fi,eld. Note that if the excitation is
uniform over the specimen face, the wave will propa-
gate perpendicular to that face regardless of the direc-
tion of the magnetic field.

The specimens are prepared by pressing high-purity
potassium slabs covered with mineral oil between two
Mylar sheets. The resulting specimen is a polycrystal
whose single crystal grains are typically =1 mm' in
area. The electron mean free path is =0.3 mm at
1.5'K. The specimens used ranged in thickness from
0.06 to 0.50 mm.

IV. CYCLOTRON DAMPING

Cyclotron damping of the helicon wave occurs when
electrons moving relative to the wave see a wave whose
apparent frequency coD ——co —k v has been Doppler-
shifted to the cyclotron frequency cu, . The moving
electrons then undergo cyclotron resonance which trans-
fers energy from the wave to the electrons and damps
the wave. Typical numerical values encountered in our
experiments are co=10's ', k=10' cm ', and vs=10

cm/sec. Thus when k and v are antiparallel, the
Doppler shift is positive and much larger than the
wave frequency. For co«co, cyclotron damping occurs
whenever the condition k v=cu, is satisfied by some
group of electrons. In potassium the Fermi surface is
essentially spherical so there are some electrons moving
along k at all speeds from —sr to +vr, where vp is the
Fermi velocity. Consequently, cyclotron damping occurs
for all magnetic fields such that kvp&M„which is
equivalent to kE&1 for a spherical Fermi surface.
Hence, this form of damping occurs at all magnetic
fields below the cyclotron damping edge at kR=1. In
the simple local dispersion relation, Eq. (6), k ~ (cu/B)'I',
which leads to or ~LP at the cyclotron damping edge;
furthermore, the same proportionality is found to hold
in the detailed nonlocal theory, Eq. (g).

Experimental studies of cyclotron damping of helicon
waves have been performed by Taylor, Merrill, and
Bowers" using standing wave techniques, by Taylor'~
using surface impedance measurements, and by several
workers using variations of the transmission technique
described in Sec. III."" In all previous experiments
employing the transmission technique relatively thick
or impure specimens were used and the cyclotron
damping edge was quite smeared out as in Fig. 1(b).
Such data do not yield a precise measurement of the
position of the edge. In our studies of cyclotron damp-
ing, we used thin specimens (=0.2 mm thick) of high-
purity potassium~ (residual resistivity ratio= 13 000).
The onset of cyclotron damping is found to be very
abrupt, as shown in Fig. 1(a). These are the first
transmission data that allow a precise determination
of the position of the cyclotron damping edge.

An abrupt cyclotron damping edge was predicted by
Platzman and Buchsbaum' in their calculation of heli-
con wave transmission through a plasma slab. They
assumed specular reflection of the electrons at the
surfaces of the slab, and they used numerical parame-
ters in their computations that are not appropriate for
comparison with our experiments. Recently BaraP'
has performed more realistic calculations in which he
treats both the disuse and specular scattering assump-
tions and he considers electron mean free paths both
greater than and less than the thickness of the slab.
Baraff finds that, in principle, one can determine the
electron mean free path and whether the scattering is
predominantly specular or diGuse by studying the

"M. T. Taylor, J. R. Merrill, and R. Bowers, Phys. Letters 6,
159 (1963).

"M. T. Taylor, Phys. Rev. Letters 12, 497 (1964); Phys. Rev.
137, 1145 {1965).In these papers several different criteria such
as the maximum in $(H), the midpoint of dN/dH, and the
minimum in d X/dH were used to operationally define the position
of the damping edge (here (R and X are the real and imaginary
parts of the surface impedance). Calculations (Refs. 31 and 32)
have shown that these criteria can diGer appreciably from our
criterion, kR= 1.' C. C. Grimes, Plasma Egects im Solids (Dunod Cie., Paris,
1965), p. 87.

'9 J. L. Stanford and E. A. Stern, Phys. Rev. 144, 534 (1966).~ P. H. Schmidt (to be published).
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amplitude of the transmitted helicon wave very near
the damping edge. In the accompanying paper, BaraG
compares some of our transmission data with his cal-
culated transmission curves.

By repeating measurements of the cyclotron damping
edge at many diferent experimental frequencies, the
theory of cyclotron damping can be tested over a
wide range of the nonlocal parameter kl,. In Fig. 2 we

show a plot of co versus II at the cyclotron damping
edge. The experimental data points were obtained from
curves similar to Fig. 1(a) by noting the 6eld where
the envelope of the interference pattern extrapolates to
zero transmitted amplitude, i.e., the field for onset of
a transmitted signal. The solid curve in Fig. 2 is a plot
of &o versus H, where kB=1 according to Eq. (8),
assuming r ~ 00.

In Fig. 2 the experimental data points fall consis-
tently at lower fields than the line kR=1. In the field
interval 10-20 kOe our data points lie = 2-,'% lower in
fieM than kR=1 and agree within experimental error
with Taylor's measurements. In the magnetic field
interval from 30-40 kOe the data points lie =1% low
in fj.eld and the discrepancy increases to about 2%%uo for
fields from 40-48 kOe. At the higher magnetic fields

employed in our experiment, =48 kOe, the nonlocal
parameter becomes kl= 270. In this case the correction
that would be introduced by using the actual collision
time r in Eq. (8) is negligible compared to our experi-
mental uncertainty of &1%%uo in Geld.

Bara6's calculations for a free-electron model indi-
cate that the observed edge should lie slightly to the
low-field side of kR= 1 because the onset of damping is
not infinitely sharp. For example, in BaraG's Fig. 6
the onset of propagation is calculated to occur below
kR=1 by =0.7% for diffuse scattering or =1.7% for
specular scattering of the electrons at the surfaces of
the specimen.

A detailed comparison of the predicted and observed
position of the edge is of interest to test Overhauser's
proposed spin-density —wave (SDW) or charge-density—
wave (CDW) ground-state model for potassium. " In
these models the electronic ground state of potassium
possesses either a SD% or a CD%. Either of these
waves modifies the electron energy spectrum and dis-
torts the Fermi surface. The Fermi surface becomes
"lemon shaped" with the symmetry axis parallel to
the wave vector Q of the SDW or CDW. Since such a
distortion has not appeared in de Haas —van Alphen or
cyclotron resonance experiments, Overhauser has hy-
pothesized that Q orients preferentially parallel to the
applied field. In this case the extremal cross section of
the Fermi surface in a plane perpendicular to H is still
a circle, but with an area slightly smaller than that of
the free-electron model. Hence, if Q orients parallel to
8 the results of de Haas —van Alphen and cyclotron
resonance experiments will diGer very little from the
free-electron model. However, the position of the cy-
clotron damping edge depends on the radius of curva-
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FIG. 2. The crosses represent the frequencies and 6elds where
the cyclotron damping edge was observed in potassium. The
solid line represents the theoretically predicted position of the
edge.

ture of the Fermi surface in the direction parallel to
H (assuming k~~H). If Q is parallel to H then calcula-
tions predict that in a surface impedance measurement
the edge will appear =4%%uo lower in field than the
point kR=1 in the free-electron gas model, ""Assum-
ing that the edge would be shifted the same amount in
a transmission experiment, then our high-field results
would di6er from the SD% and CD% models by
=2%, whereas they agree within experimental uncer-
tainty with BaraG's calculations for a free-electron gas.

Platzman and Jacobs" have calculated how electron-
electron interactions will aBect the cyclotron damping
edge. They find that the interactions will have ob-
servable consequences only if co=~, in contrast to our
experimental conditions where or&(or, . Unreasonably
large magnetic fields are required to fulfill their con-
dition kv~/co =1.

V. LANDAU DAMPING

At magnetic helds greater than the cyclotron damp-
ing edge where kR& 1 a new form of collisionless damp-
ing called Landau damping appears when the helicon
wave propagates at an angle to the magnetic field.
In this field regime there are no electrons moving fast
enough to experience Doppler-shifted cyclotron reso-
nance. Instead, Landau damping arises when some
moving electrons experience helicon wave fields having
a Doppler-shifted frequency equal to zero. The moving
electrons then move in phase with the helicon wave

"A. W. Overhauser and S. Rodriquez, Phys. Rev. 141, 431
(1966)."J.C. McGroddy, J. L Stanford, and K. A. Stern, Phys. Rev.
141, 437 (1966).
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FIG. 3. Series of traces showing how Landau damping attenu-
ates the transmitted signal as the angle between the field and the
propagation direction increases.

and can very electively extract energy from the com-
ponent of the wave Geld which is parallel to H.

Buchsbaum and Platzman" have extended the deriva-
tion first given by Kaner and Skobov' and have empha-
sized what physical eGects occur in Landau damping.
They pointed out that two forces act on the electrons
moving in phase with the wave in Landau damping:
a magnetic force due to the gradient in H, and an
electric force due to the longitudinal electric field E,
(z denotes the direction of the static magnetic ffeld).
In a free-electron gas both of these forces vanish when
the helicon wave propagates parallel to the static
magnetic field. The magnetic force on the drifting
electrons has the form p(BH,/Bz), where g=zmvP/H
is the orbital magnetic moment of the electron. This
force can be described as arising from the moving mag-
netic mirrors formed by the vector sum of the helicon

wave and static magnetic fields. The electric force eE.
simply arises from the small longitudinal component
of the helicon wave electric field. Since potassium
represents a very low impedance medium, the helicon-
wave electric field is much smaller than the wave
magnetic field. Buchsbaum and Platzman have shown
that the ratio of the electric force to the magnetic
force is vrr/v~=10 ', where v~q is the helicon phase
velocity and e& the Fermi velocity.

The 6rst experimental study of Landau damping of
helicon waves was performed by Walpole and Mc-
Whorter at microwave frequencies in n-type PbTe.
Landau damping experiments on potassium were first
reported by Grimes and Libchaber, ~ who employed
the transmission technique of Sec. III. Subsequently,
Houck and Bowers" have reported Landau damping
studies on Na and K using both standing wave and
transmission techniques. The work of Houck and
Bowers is reasonably detailed and complete, so we
will present here only a brief summary of our results
at higher frequencies using thin specimens of higher
purity whereby larger values of the nonlocal parameter
8 are achieved and larger values of kR are studied.

Landau damping is observed by the transmission
method described in Sec. III. Experimental curves
illustrating Landau damping at different tilt angles
(different angles between it and H) are shown in Fig. 3.
The increase in damping as the tilt angle increases is
seen to be most severe near the cyclotron damping
edge, i.e., near kR=1.

To compare theory and experiment, we measure the
amplitudes A(qr) and A(0) of the helicon waves trans-
mitted at a given value of k for a finite tilt angle and
for zero tilt angle. We then plot lnLA (0)/A (p)]=6
versus kR, where k is the wave vector calculated from
Eq. (8) corrected for 6nite p. Assuming the wave
varies as exip(k, +ik,) aznd assuming k„»k; then from
Eq. (5) we have lnLA(0)/A((p)j= (3v/32)kR sinmy.

Hence theory predicts that our plot will be a straight
line of slope (3v./32) sin'q. In Fig. 4 we have plotted
the data points from the y=18' tilt curve of Fig. 3
and we have drawn the line predicted by Eq. (5).
Note that no adjustable parameters have been em-
ployed in this comparison of theory and experiment.
It is evident that the theory accounts well for the
Landau damping at small kR where the assumptions
underlying the theory are valid. As kR approaches
unity the theory is no longer applicable, but the same
straight line agrees surprisingly well with experiment.
Ke would like to emphasize that in this test of the
nonlocal theory the nonlocal parameter kl reaches a
value of 180, which is a factor of 6 greater than in
previous work.

~ J. N. walpole and A. L. McVVhorter, Phys. Rev. 15S, 708
(1967).

'4 C. C. Grimes and A. Libchaber, Bull. Am. Phys. Soc. 12,
771 (1967)."J. k. Houck and R. Bowers, Phys. Rev. 166, 397 (1968).
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VI. GIANT QUANTUM OSCILLATIONS

Quantum effects in helicon wave propagation become
significant at high magnetic fields and low tempera-
tures (Aar, )k&2') where the electron energy states are
quantized into Landau levels. The most common mani-

festations of quantum eBects are small oscillations of
the damping of the wave due to oscillations of the
electron relaxation time as the magnetic field is varied.
These eGects, called ordinary quantum oscillations, are
similar to the Shubnikov —de Haas oscillations of mag-
netoresistance and have been observed by several
workers. " The ordinary quantum oscillations in

metals typically correspond to variations in k; of only
a few percent. Since this paper concerns nonlocal or
resonant damping mechanisms, we consider the eBects
of Landau quantization on Landau and cyclotron
damping. Below we show that simultaneous applica-
tion of the Pauli exclusion principle, conservation of
energy, and conservation of momentum results in
resonant damping at discrete values of the magnetic
field, i.e., as the magnetic field is varied the resonant
damping is allowed for only a fraction of each de Haas-
van Alphen period. This turning on and o6 of the
resonant damping leads to large fractional oscillations
in k;; hence Gurevich et ul." termed this dramatic
effect "giant quantum oscillations" (GQO).

Let us consider the GQO in Landau damping for an
isotropic material. The first treatment of this problem
was by Gurevich et al. for the case of longitudinal
acoustic waves propagating parallel to an applied
magnetic field. In a quantizing magnetic field the
electron energy states are given by

E=p 2/2m+ (n+-,')fuu, .

Conservation of energy in an intra-Landau level transi-
tion requires fuu=p, 22/2m —p, p/2m and conservation
of Inomentum requires Ak=p, ~

—p, 1 when a helicon
wave photon of frequency co and wave vector k is ab-
sorbed. Combined, these conditions require p, &=mrs/k
—-', k, which means that before the transition the elec-
trons that damp the wave move slightly slower than
the wave phase velocity. The Pauli exclusion principle
requires that the state of momentum p, & must be
occupied and the state of momentum p, 2 must be
unoccupied if photon absorption is to occur. Thus,
the Fermi level must lie between these two states
which are separated in energy by A~. Consequently,
absorption of photons (Landau damping) occurs over
only a fraction cv/&u, of each de Haas —van Alphen
period. Collisions introduce a spread in momentum
Ap. =m/kr of those electrons that remain in phase
with the wave over their whole mean free path. For
GQO to occur, Ap, must be smaller than the difference

3' J. R. Merrill, Phys. Rev. 166, 716 {1968).
g7V. L. Gurevich, V. G. Skobov, and Yu. A. Firsov, Zh.

Eksperim. i Teor. Fiz. 40, 786 (1961) t English transl. : Soviet
Phys. —JETP 13, 552 (1961)j.
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Fzo. 4. Comparison of observed and predicted contribution to
the imaginary part of the helicon wave vector due to Landau
damping for an 18' tilt angle.

in Fermi momenta on two successive Landau levels.
This condition requires (2m&,)'")m/kr or

kl (co,/Ev)'I') 1. (9)

The discussion above follows the treatment of
Gurevich et ul. Skobov and Kaner have presented a
similar treatment for helicon waves. " Since helicon
waves are transverse waves there is no Landau damp-
ing in an isotropic material unless the wave propagates
at an angle to the magnetic field. Skobov and Kaner
fjnd that GQO should appear in the Landau damping
of helicon waves provided the following conditions are

A(o+&kgT, (10)

kR&&i, (11)

Acov'/mc'v) 1+v/co. (12)

Condition (12) is equivalent to (9) when the helicon
wave dispersion relation (6) is used to express k in
terms of M and H.

Our experimental conditions are characterized by
the following quantities: H= 10' Oe, T=1.2'K, co=1.2
X10'sec ' v=2.5X10'sec ' ~„'/e'=4X10" cm '. We
6nd that conditions (10) and (11) are well satisfied.
The inequality in condition (12) is not quite satis6ed;
instead the right and left sides are very nearly equal.
At higher experimental frequencies condition (12) is
satisfied, but the data at higher frequencies are often
more complicated due to the helicon-sound wave
interaction.

Note added in proof. In a recent article (E. A. Kaner
and U. G. Skobov, Advan. Phys 17, 605 . (1968)1
Kaner and Skobov have shown that the left-hand side
of inequality (12) should be multiplied by the quantity
k~,/koT which has the value 9.1 under our experi-
mental conditions. With this modification inequality
(12) is well satisfied.

Our experimental results shown in Fig. 5 represent
the erst observation of GQO of Landau damping for
an electromagnetic wave. In Fig. 5 the angle between
the propagation direction and the field direction is
30'. At fields above 90 kOe there appear large quantum
oscillations in the amplitude of the transmitted wave.
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Fio. 5. Experimental traces showering giant quantum
oscillations in Landau damping.

Examination of Fig. 5(a) reveals that near 100 kOe
the GQO produce maxima in the value of k; that are
more than a factor of 2 larger than the minima in k;.
Figure 5(b) shows an expanded portion of the high-
field region. Within our experimental accuracy (= i%%uo),

the GQO period obtained in this specimen of unknown
crystal orientation falls within the range of de Haas-
van Alphen periods of potassium measured by Shoen-
berg and Stiles. ' For wave propagation along the
magnetic 6eld the oscillations become ordinary quan-
tum oscillations and are two orders of magnitude
smaller in amplitude. The GQO disappear when the
temperature is raised to 4.2'K, where condition (10)
is not well satisfied. For a frequency less than 1 Mc/sec
the GQO disappear as expected since condition (12)
is violated. At frequencies higher than 20 Mc/sec,
larger GQO than those in Fig. 5 are observed, but the
data become quite complicated due to the helicon-
sound wave interaction. We attempted in Fig. 5(b)
to study the line shape of the GQO, but found that
our Bitter solenoid was not stable enough for such a
study. Since inequality (12) was not satisfied, collision
broadening of the GQO is expected to produce an
almost sinusoidal line shape. At higher frequencies and
in material with larger I where condition (12) is satis-
fied, theory predicts that the GQO line shape will
become a series of spikes.

Skobov and Kaner' and Miller and Kwok' have
pointed out that GQO in Landau damping of helicon
waves can also occur when k and H are parallel pro-
vided the electrons that drift along H at the wave
velocity execute "tilted orbits" in real space. Tilted
orbits arise when the Fermi surface is anisotropic and
H is not along an axis of threefold or higher symmetry.
Since potassium has an isotropic Fermi surface, tilted
orbits do not occur; however, aluminum has an ani-

'SD. Shoenberg and P. J. Stiles, Proc. Roy. Soc. (London}
A281, 62 (1964}.

I'P. B. Miller and P. C. Kook, Phys. Rev. 161, 629 (j.967}.

sotropic Fermi surface and our experiments on this
material indicate that tilted orbits do give rise to GQO.

The physical origin of GQO in cyclotron damping is
very similar to that in Landau damping. In cyclotron
damping, however, the electron transition is an inter-
Landal level transition and the electron's Landau
level quantum number increases by 1 as the helicon
photon is absorbed. Conservation of energy and mo-
mentum then requires Ace= p»2/2tn+Acu, p,p/—2tN and
Ak=p» —p». Combined, these conditions require p, i
= —m(co, —au)/k ——,'Ak, which shows that the absorbing
electrons "see" a Doppler-shifted frequency very nearly
equal to the cyclotron frequency. Again, the state of
momentum p, i must be occupied and the state of
momentum p, 2 must be unoccupied if photon absorp-
tion is to occur. Since the two states are separated in
energy by 4u, absorption occurs only over a fraction
co/ru, of each de Haas —van Alphen period.

The theory of GQO in cyclotron damping of helicon
waves in an isotropic material has been treated by
Quinn, " Miller, " and Ghck and Callen. ' Quinn and
Miller both demonstrated that the imaginary part of
the dielectric constant e; should display GQO in the
cyclotron damped region (kR& 1) provided co,r))1 and
Lr&)kT. They suggested that helicon propagation
should be observable at the minima of ~; where cyclo-
tron damping is forbidden. Recently Glick and Callen
have presented a more detailed theory in which they
also find GQO in e;, but they further demonstrate that
a, is rapidly varying in the regions where a; (and the
cyclotron damping) is small. Due to the rapid variation
of ~„a wide range of k values will be excited by the
driving 6eld rather than launching a single wave of
well-defined wavelength. Hence, according to Glick and
Callen's analysis, the GQO will not be observable by
either our transmission technique or by surface im-
pedance measurements.

We have searched for, but have not found, GQO in
cyclotron damping of helicon waves in potassium. VVe

employed the transmission technique at frequencies up
to 200 Mc/sec and a surface impedance measurement
at 24 Gc/sec. For the transmission experiments the
magnetic fields ranged up to 45 kOe in the region
kR&1. For the surface impedance measurement the
field was swept to 103 kOe. The temperature was held
at 1.2'K so the condition ku&&k~T was well satis6ed.
The electron collision time was r=4X10 '0 sec, so the
condition co,r&&1 was also well satisfied. Our failure to
observe GQO in cyclotron damping supports Glick and
Callen's arguments regarding the observability of the
GQO.

VII. DAMPING BY HELICON-PHONON
INTERACTION

In Sec. V we described how resonant damping arises
when electrons move in phase with the helicon wave;
in this section we describe how resonant damping arises
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Fxo. 6. Experimental trace showing distortion of interference
pattern by helicon-phonon interaction. The helicon phase velocity
increases with field and matches sound velocities at =55 and
95 kOe.

when phonons or acoustic waves move in phase with
the helicon wave. When H=O the electromagnetic
fields accompanying a transverse acoustic wave are
very small because the ion current is very nearly
cancelled by the induced electron current. However,
for large H such that co,7&&i the current neutrality
breaks down because the induced electron current is
then nearly orthogonal to the ion current. Hence in a
strong dc magnetic field, the induced electromagnetic
delds accompanying a transverse acoustic wave are
appreciable, and the acoustic wave couples effectively
to a helicon wave. When the phase velocities of a
transverse acoustic wave and a helicon wave are
matched, a resonant transfer of energy occurs between
the two. Resonant transfer of energy out of the helicon
wave leads to a sharp increase in its damping.

In a previous experiment the helicon-phonon inter-
action was studied in a thick crystal of potassium with
wave propagation along the L110j axis."In that case
the interaction was so strong that two waves of mixed
helicon and acoustic character were observed. In the
present work we report experiments on thin potassium
specimens of unknown crystal orientation. The acoustic
wave velocities in these experiments are greater than
in the previous experiment; consequently the helicon-
phonon coupling is weaker. The weaker coupling causes
the helicon-phonon interaction to appear as a sharp
increase in the damping of the helicon wave when the
helicon phase velocity matches a transverse sound
velocity. Figure 6 shows a typical curve obtained by
the experimental technique described in Sec. III. Since
the helicon phase velocity increases continuously with
increasing H, sweeping II is equivalent to sweeping
phase velocity. In Fig. 6 the two regions of severe
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FIG. 7. Curve B and the open circles denote, respectively, the
predicted and observed frequencies and fields where the helicon
phase velocity matches a sound-wave velocity. Curve A and the
solid dots denote the predicted and observed frequencies and
fields where the cyclotron damping edge occurs.

damping near 55 and 95 koe mark the fields where
acoustic wave velocities w'ere crossed. The fact that
the interaction is well localized in magnetic field allows
us to study how' cyclotron and Landau damping affect
the interaction.

The theory of helicon-phonon interaction has been
treated by several authors. The treatments that are
most complete and most relevant to our experiments
were presented by Skobov and Kaner" and Quinn and
Rodriguez. 2' The latter work deals with the modifica-
tion of the interaction when kR~1 and, cyclotron
damping becomes important. Skobov and Kaner's
treatment includes the deformation potential and the
modification of the interaction by Landau damping.
Skobov has extended the theory of helicon-phonon
interaction to the quantum regime to include GQO in
Landau damping. ~ Although we have obtained some
data in the quantum regime, we have not attempted
to analyze it due to its complexity.

EBects of Cyclotron Damping

Sy taking a series of experimental traces similar to
Fig. 6 at progressively higher helicon wave frequencies,
the point of helicon-phonon interaction can be brought
progressively nearer the cyclotron damping edge. The
results of such a study are shown in Fig. 7. In this
figure the open circles denote the frequencies and
fields where the interaction occurred, and the solid
dots denote the position of the cyclotron damping
edge. Curve A represents the equation kR=i while

4 V. G. Skobov, Fiz. Tverd. Tela 6, 2655 (1964) )English
transl. :Soviet Phys. —Solid State 6, 2115 (1965)j.
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curve 3 represents the calculated locus of points where
the helicon-phase velocity equals a constant. In cal-
culating curve 8 the nonlocal dispersion relation Kq.
(8) was employed and the curve was normalized to the
lowest frequency datum point. At frequencies below
70 Mc/sec, where kR«1, the point of interaction
follows well the curve v~= const. At higher frequencies
kE —+1 and nonlocal dispersion produces the steep
negative slope in curve 3 near the damping edge. The
observed dispersion as kR —+1 is greater than the
calculated dispersion. A more reGned calculation in-

cluding the magnetic Geld dependence of the velocity
of the transverse acoustic wave leads to slightly better
agreement between theory and observation, but an
unexplained discrepancy remains.

Effects of Landau Damying

When the helicon wave propagates at an angle q

relative to H, the strength of the helicon-phonon cou-
pling is reduced by the factor [coss

~
and Landau

damping appears. The Landau damping further reduces
the helicon-phonon coupling by introducing a spread in
the ir values (Fourier components) describing the
spatially decaying helicon wave. We were unable to
determine quantitatively the strength of the helicon-
phonon coupling in potassium, but we did verify
qualitatively that the coupling is reduced significantly
as q is increased from 0 to +~a. For a given value of

q, the reduction in coupling is greatest near kB=1,
where the Landau damping is most severe.

tance of G. Ad.ams, H. W. Dail, and J. W. Hansen,

and we have profited from stimulating discussions with

G. A. Baraif, S. J. Buchsbaum, P. M. Platzman, and

P. A. Wolff.

APPENDIX

This appendix outlines an experimental technique

that provides a vector representation or phase-ampli-

tude polar plot of the helicon wave signal transmitted

through a thin slab-shaped specimen. With this tech-

nique both the amplitude and phase of the transmitted

signal are displayed as continuous functions of mag-

netic Geld on a polar plot as the radius and polar

angle, respectively. Such a display has the advantages

that all of the information contained in the signal is

recorded, and since phase and amplitude are displayed
on orthogonal coordinates, the data are unambiguous.

VIII. SUMMARY AND CONCLUSIONS

Utilizing a transmission technique to observe helicon
waves in potassium, we have studied four different
resonant damping effects: Landau damping, cyclotron
damping, giant quantum oscillations in Landau damp-
ing, and helicon-phonon interacting. This work thus
presents a fairly complete study of resonant damping
mechanisms in a metal having a spherical Fermi sur-
face. Theoretical works based on a free-electron gas
model are adequate to account for our observations.
Logical extensions of this work would include studies
at still higher frequencies in the strong, stable fields
now available in superconducting solenoids and studies
on higher purity single-crystal specimens. Such studies
could provide more explicit tests of the theories of
giant quantum oscillations in both Landau damping
and cyclotron damping.
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Fze. 8. Phase-amplitude polar plot of the helicon-wave signal
transmitted through a potassium slab 0.23 mm thick at a fre-
quency of 10.7 MHz and a temperature of 4.2'K. Distance from
center represents amplitude of transmitted signal, while polar
angle represents phase delay within specimen.
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FIG. 9. Curves A and 8 are experimental traces obtained by
the transmission technique for two settings of the reference-signal
phase di8ering by 90'. Curves A and 8 show, respectively, the
amplitude and phase of the third standing-wave resonance at
=71 kOe, the fourth at =40 kOe, etc. Curve C is the phase-
amplitude polar plot obtained by plotting A versus 8 on the
ordinate and abscissa, respectively.
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The disadvantages of this display are that more equip-
ment is required and the data-taking procedure is
more complex, hence slower.

To obtain the phase-amplitude polar plot we use the
technique described in Sec. III, but feed the transmitted
signal, after amplification, to two lock-in detectors op-
erating in quadrature. The outputs of the lock-ins are
to the two axes of an X-I' recorder. The phase refer-
ences for the two lock-in detectors are derived from
the transmitter current —one being in phase and the
other 90' out of phase. The details of the high-frequency
lock-in detectors used are described by Hansen et al.~

Kxpenmental traces showing representative phase-
amplitude polar plots are shown in Figs. 8 and 9. In
Fig. 8 the polar plot appears as a distorted spiral

because standing waves within the specimen are be-

coming significant at the higher magnetic fields. In
the absence of standing waves the plot would be an

undistorted spiral because the amplitude of the trans-

mitted signal would increase smoothly and the phase

delay in the specimen decrease continuously as the

applied magnetic field is increased. Standing waves can

become quite pronounced when the helicon wavelength

is comparable to the specimen thickness as shown in

Fig. 9. The polar plot (C) is a spiral at only the lowest

fields and evolves into a "Ggure 8" at the higher fields.

Curves (A) and (B) of Fig. 9 show the outputs of the
two lock-in detectors which are applied to the X and Y

axes, respectively, of the X-F recorder to generate the

polar plot.
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III. Effect of Boundary Scattering on Helicon Transmission

near Cutoff
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This paper, like the two in this series which precede it, is concerned with electromagnetic wave propaga-
tion under conditions where the relation between the currents in the medium and the electric field driving
them is nonlocal because the electron mean free path is comparable to the length over which the Gelds change.
For this case, both the boundary conditions on the electrons reaching the surface of the slab and the more
familiar boundary conditions imposed upon the Gelds are important. Our concern here is the effect of the
electronic boundary conditions on helicon wave propagation; in particular, on the way in which Doppler-
shifted cyclotron resonance (Dscr) damps the helicon wave as the magnetic field is lowered to the Dscr
threshold. Our Gndings may be summarized briefly as follows: At large magnetic fields, where the helicon
wave is relatively undamped and exhibits standing-wave resonances, the assumption of diftuse electronic
surface scattering decreases the transmission below the amount calculated assuming specular surface
scattering. In addition, it leads to a softening of the resonances (decrease in the standing-wave ratio)
relative to the resonances calculated assuming specular electronic surface scattering. This softening de-
creases as the magnetic Geld is raised, i.e., as the conductivity becomes local; and in fact, in the local limit,
specular and diBuse transmission are identical. As the field is lowered, more of the incident energy goes
into the single-particle excitations when the surface scattering is di8use than when it is specular. Finally,
when the field reaches a value dose to the Dscr cutoB, the specular calculation exhibits an extra peak
absent from the diffuse. The amplitude of this peak, however, is quite low because of its proximity to cutoff.
Experimental data are not yet available to determine whether surface scattering is predominantly di6'use
or predominantly specular, but the calculations presented here do allow one to determine the mean free
path by Gtting the shape of the transmission curves near Dscr.

I. INTRODUCTION

KCENT experiments on the transmission of helicon
waves' through thin slabs of potassium have

been reported by I.ibchaber and Grimes. ' Among their
many findings was the observation that, with the mag-

P. Aigrain, in Proceedings of the International Conference on
Semiconductor Physics, Pragle, 1960 (Academic Press Inc. , New
York, 1961),p. 224; R. Bowers, C. Legendy, and F. Rose, Phys.
Rev. Letters 7, 339 (1961).

~ A. Libchaber and C. C. Grimes, preceding paper, Phys. Rev.
178, 1145 (1969).

netic Geld normal to the surface of the slab, reducing
the Geld to the Doppler-shifted cyclotron resonancee
(Dscr) threshold decreased helicon transmission in a
way which seemingly depended on the thickness of the
slab relative to the mean free path of the electrons in it.
In particular, the onset of Dscr appeared to be abrupt
when the slab was less than a mean-free-path thick.
Slabs whose thickness was greater than a few mean
free paths invariably exhibited a transmission decrease

' T. Kjeldaas, Phys. Rev. 113, 1473 (1959).


